 (Folia Morphol 2019; 78, 2: 401-407) 
INTRODUCTION
Aging, a gradual deterioration of the physiological processes associated with a dramatic decrease in muscle-tendon performance [27, 28] . A reduction in muscle strength and mechanical properties of tendons often leads to disability and loss of mobility in older adults [10] . One of the most extensively utilised parts of the body is the foot, which is primarily responsible for weight-bearing activities. Muscles and tendons, aside from bones, are responsible for controlling the normal position and function of the foot. Changes in structural and mechanical properties of the musculotendinous unit can cause foot problems, a common concern for older adults [24] . Indeed, among the many muscles and tendons in the foot, the tibialis posterior and peroneus longus have essential roles. The tibialis posterior is the strong supporter of the medial longitudinal arch and assists in plantar flexion and inversion [11, 13] , while the peroneus longus produces eversion and plantar flexion. Furthermore, it is also responsible for stabilising two longitudinal arches (medial and lateral arches) [14, 25] . As such, both of these muscles affect any dynamic changes involved in foot alignment [14] . Tibialis posterior dysfunction is well recognised as a cause of flatfeet in both adults and the elderly [13] . Thus, many studies often investigate the alterations of this muscle during the development of aging [3, 34] . However, there has been no comprehensive evaluation of degenerative changes in structural and mechanical properties of the peroneus longus muscle to date. Accordingly, the purpose of this study was thus to examine aging-induced alterations involved in the structural and mechanical properties of the peroneus longus which can control foot posture along with the other foot muscles. While the morphological alterations observed in the present study may be one mechanism in the age-related structural, functional changes of muscle-tendon complex and new information will grant a clear awareness of the effects of peroneus longus degradation in an older person.
MATERIALS AND METHODS

Specimen collection
The lower extremities of 10 adult (30-60 years) and 10 older adult (over 60 years) embalmed cadavers consisting of both genders were obtained for the dissection of the peroneus longus, including muscular part, musculotendinous junction and tendon portion from both sides of legs. Peroneus longus muscles from the right legs were used for the mechanical testing, while the muscle from the left side were collected for histological and structural evaluations through light and scanning electron microscopic (SEM) studies. The cadavers had been donated to the Department of Anatomy, Faculty of Medicine Siriraj Hospital, Mahidol University for use in anatomical studies. The embalming was done within 24 h of death using a formalin that was mixed with adjuvants. The embalmed cadavers were kept and preserved for approximately 1 year prior used for analysis. Ethical approval for this study (COA no. Si074/2561) was granted by Institutional Review Board, Faculty of Medicine Siriraj Hospital, Mahidol University.
Mechanical property testing
After the peroneus longus muscle was dissected out from the cadaver, the highest point of musculotendinous junction was identified and marked with a permanent marker. The specimen was then cut into a 90-mm long section with a 70-mm long tendon side and 20-mm long muscle fibre side. Both free ends of the muscles were then clamped with adjustable C-clamps. The specimen was then placed in a multi-functional digital force gauge IPX-800 (INSPEX  , Bowers Group, United Kingdom) with the side of the tendon facing the force gauge (Fig. 1) . The validity and reliability were analysed by four known weights and test-retest values of four specimens, respectively. This system was found to be valid (per cent accuracy: ± 1.9%) and reliable (ICC 3,1 = 0.93). Prior to mechanical testing, the specimen was tightened to allow for viscoelastic stress relaxation. The force gauge was then calibrated to zero. Subsequently, an axial tensile force was applied to the muscle fibre side until it reached a 1-mm displacement of the musculotendinous junction.
A maximum force in a unit of Newtons (N) was recorded for each specimen.
After that, the specimen was removed from the clamps and then cross-sectionally dissected at the musculotendinous junction. Photographs of the cross-sectional area (CSA) of each specimen were obtained using a digital camera. The UTHSCSA ImageTool for Windows version 3.0 (University of Texas Health Science Centre in San Antonio, USA) was used for measuring the CSA in a unit of square millimeter (mm 2 ). The following formula was then used to calculate the tensile stress in a unit of Megapascals (MPa): Tensile stress (MPa) = Force (N) / CSA (mm 2 ). The modulus of elasticity (Young's modulus) was also calculated in a unit of MPa through the following formula: modulus of elasticity (MPa) = Tensile stress (MPa)/ / [amount of length change (DL) / original length (L 0 )].
Histological study
The musculotendinous parts of the peroneus longus muscles were fixed in an immersion of 10% formalin, dehydrated in ascending grades of alcohol, cleared in xylene, infiltrated and embedded in paraffin. The paraffin block was cut by a rotatory microtome (Leica RM2035, Nussloch, Germany) with 6 µm thickness. Sections were stained with Masson's trichrome and analysed under an Olympus Bx43 microscope. The pictures were taken by a DP73 digital camera attached to the CellSens Standard software (Olympus Optical, Co. Ltd., Tokyo, Japan).
Scanning electron microscopy sample preparation
The muscular and tendon portion of the peroneus longus muscles were cut into small cubes with a size of 0.5 × 0.5 × 0.2 cm. The specimens were washed in a 0.1 M phosphate buffer solution at pH 7.4 and postfixed with 1% osmium tetroxide for 1 h. After washing it with distilled water, the specimens were dehydrated in a graded series of alcohol. The samples were then dried in the critical point dryer using liquid CO 2 and mounted on metal stubs. Finally, they were coated with gold-palladium in the sputter-coater and analysed in the JSM-6510LV (Jeol Ltd, Tokyo, Japan) SEM at 15 kV.
Statistical analysis
Data analysis was performed using the GraphPad Prism programme for Windows version 6.05 (GraphPad software Inc. CA, USA). All the data were presented as mean ± standard deviation. Prior to performing any between-group comparisons, all properties of the peroneus longus under loading condition were tested for normality using the Shapiro-Wilk test. Three parameters, i.e., CSA, tensile stress, and modulus of elasticity, passed the normality test. Thus, an unpaired t-test was used to compare between the groups for these parameters. In contrast, the Mann-Whitney test was used for the tensile parameter, which did not distribute normally. A p-value level of less than 0.05 was considered to be significant. Table 1 shows the results of the between-group comparisons of all parameters. No significant difference in the CSA of peroneus longus musculotendinous junction was found between the adult and older adult. Interestingly, it was apparent from Table 1 that the tensile, tensile stress and elastic modulus of the peroneus longus in older adult were significantly lower than the younger ones.
RESULTS
Effect of aging on muscle-tendon mechanical properties
Effect of aging on muscle-tendon histostructural changes
The SEM analysis of the peroneus longus muscle fibres revealed that there were long cylindrical forms with cross-striations of myofibrils on the muscle surface. The fibres ran parallel to each other, and they were not branched. However, there were no differences in the muscular morphologic features such as diameter and shape between both groups of cadavers (Fig. 2) .
Considerable alterations in the collagen bundles of the perimysium that were overlying muscle fibres were noted in the older adult cadaver. Usually, perimysium comprised of the dense weave collagen bundles. However, the peroneus longus muscle of the older adult cadaver contained thin and loosely packed perimysial collagen bundles, which was comparatively different to the thicker and more compact surface seen in the adult cadaver's perimysial collagen (Fig. 3) .
Within the tendon, the normal collagen fibres in the peroneus longus tendon of the young cadavers showed long, straight and tightly packed collagen fibres in a parallel arrangement along the long axis of the tendon (Fig. 4A, C) . At higher magnification, most of the collagen fibres appeared to be more crimp and of a helical pattern (Fig. 4E) . In an older adult cadaver, the tendon consisted of disorientated and frayed collagen fibres (Fig. 4B) . In some tendons, disorganisation and fragmentation of collagen fibrils were observed (Fig. 4D) . They were flat, and the fracture surfaces appeared to look like tattered rope. Furthermore, the collagen fibrils appeared straight without helical coils (Fig. 4F) .
Light microscopy of the muscle-tendon junction of the peroneus longus muscle showed remarkable changes in the aging process, particularly at the end of muscle inserted into the tendon via the myotendinous junction. In this region, the abundant tendon fibroblasts were embedded in the collagen fibres, and the fibres of collagen were continuously anchored to the terminal extensions of muscle fibres, as shown in the adult cadaver Figure 2 . Scanning electron micrographs of the peroneus longus muscle fibres in an adult cadaver (A) and older adult cadaver (B). No differences were observed between younger and older cadavers in their muscle fibre morphology. The muscle fibres were arranged in a simple parallel fashion, with striations running perpendicular to the long axis of the muscle fibre.
Figure 3. Scanning electron micrographs of the perimysial collagen bundles of peroneus longus muscle in adult cadaver (A) and older adult cadaver (B)
. A looser arrangement of small perimysial collagen bands was present in the older adult cadaver when compared to the large and tight collagen bundles of perimysium found in the adult cadaver.
( Fig. 5A ). With age, it was seen that fat accumulation occurred in the myotendinous junction, and more fats were deposited closer to this region (Fig. 5B ).
DISCUSSION
The peroneus longus, which is comprised of muscular and tendinous tissues, helps to stabilise the arch and assists in stabilising the ankle and foot [23] . It is predominantly active during the stance phase of the gait [19, 21] , which produces plantarflexed first ray of the foot and also acts as a secondary plantarflexor of the ankle [20] . Thus, deteriorated physical ability of the peroneus longus can contribute to the development of foot deformity [2, 29] . Age-related changes in the structural and mechanical properties of the muscle-tendon unit further reflect the alterations in functional competencies. Consequently this study investigated the potential architectural and mechanical changes that occur with age in the peroneus longus musculotendinous unit, which could be associated with the increased rate of foot problem cases found clinically in older adults. We examined three different parts of the peroneus longus, including the muscular part, the musculotendinous junction, and tendon portion of young and old adult cadavers. The three main findings of this study were as follows: 1) mechanical properties including tensile, tensile stress and modulus of elasticity were lower, without a change in CSA in old adult cadavers when compared with the younger subjects, 2) collagen fibre disorganisation appeared in the aged tendon and perimysium, and 3) accumulation of fat was noted within the musculotendinous junction.
Mechanical property testing in the present study demonstrated a decline in tensile, tensile stress, and modulus of elasticity of the peroneus longus in old adult cadavers. These changes were linked to alterations that were sustained by the structure of the tendon portion of this muscle. An abnormal architectures of collagen, the chief component in the tendon, were found with aging. The tendon section of the peroneus longus in the aged specimens appeared to be disorganised and fragmented, along with having elongation without crimp. The reasons for these results were age-related alterations in the matrix contents, including an increase in the degradation of collagens and proteoglycans via an activation of matrix metalloproteinases [5, 36] and a reduction in intra-molecular cross-links involving in crimp-like structure, a result of advanced glycation endproduct accumulation in advancing age [1, 4]. cadaver (B, D, F) . High-density collagen fibres in a parallel alignment (A), thick linear collagen bundles (C) and coiled collagen fibrils in the tendon (E) were shown in the adult cadaver, whereas the collagen found in the tendon of the elderly appeared disorganised (B), fragmented (D) and had straight collagen fibrils (F). Fats intervened between the terminal end of each muscle fibre and the collagen of the tendon at the myotendinous junction, and a large amount of fat was found in this area in the older adult cadaver, a stark contrast when compared to the closely packed muscle-tendon interdigitation in the adult cadaver. Masson's trichrome staining: blue collagen, red muscle fibre, and black cell nuclei.
Since each extracellular matrix layer (epimysium, perimysium, endomysium) was primarily dominated by collagen type I and III, which was similar to that in the tendon [12] . The alterations of perimysial collagen arrangement reported in this study were thought to be due to the same mechanism of having increased metalloproteinases regulatory pathway that were used to break down the collagen fibrils, leading to small and loose arranged perimysial collagen bundles in elderly cadavers.
Although the morphology of the muscular part of the peroneus longus remained stable during aging with unchanged shape and size, fat infiltration in the musculotendinous junction was found in the present study. Many previous studies have been reported to be agerelated, but do not appear to factor in sex-related loss of muscle mass, as evidenced by a decrease in muscle fibre CSA and fibre number determining in the various muscles from humans and cadaveric specimens [26, 30] . However, our findings contradict these previous reports. We found that there was no statistical difference in CSA (measure of muscle fibre size) of the peroneus longus between young and old adult cadavers and the muscular architecture did not change substantially with age. The differences between these findings may be due to diversity in the range and distribution of muscle fibre size in the aging, based on types of muscle fibres. Atrophy of type II, fast-twitch or white muscle fibres and hypertrophy in type I, slow-contracting or red fibres can occur in the elderly [7] . Furthermore, a decline in protein synthesis and an enhancement of overall protein degradation rates could also cause the atrophy of muscles [17] , while muscle hypertrophy takes place as a compensatory response to the reduction in muscle mass that occurs with aging [7, 18] . Hepple et al. [7] indicated a variable alteration in the mean muscle fibre CSA of the gastrocnemius muscle. They exhibited a decrease in fibre size in the white region of the gastrocnemius, but increased fibre size in the red region of aged animals. Similar to the animal study, muscle biopsies of the vastus lateralis from humans revealed a greater reduction in muscle fibre size of type II fibres than type I fibres [6] . However, the current study did not find a difference in the mean CSA of the peroneus longus, which is a hybrid muscle fibres containing 62.5% slow-twitch type I fibres and 37.5% type II fast-twitch fibres, between young and old cadaveric specimens. Kano et al. [9] similarly reported no statistical difference in the mean CSA of soleus that consisted mainly of type I fibres between young and old rats.
The current study was the first finding to demonstrate fat infiltration within the musculotendinous junction of the old age muscle tissues, as of the previous studies have only reported an accumulation of fat within the muscle and near the myotendinous junction in an advanced age [22, 35] . An altered lipid metabolism with increasing age could be used to explain the fatty changes in aging muscles through an elevation of cholesterol and triglyceride levels [15] , an increase in lipogenesis and an impairment of lipolysis [31] as well as changes in fat distribution from subcutaneous locations to intra-abdominal visceral depots and to harmful ectopic sites [8] . Thus, an ectopic fat deposition within the musculotendinous junction, which was found in this study, might impair muscle-tendon junction, especially the force transmission from muscle fibres to bone via the myotendinous junction and tendon. Moreover, both the perimysium and endomysium play a crucial role in the transmission of force via the action of collagen [16] . Therefore, an accumulation of fat in the musculotendinous junction and structural changes of collagen in the tendon and perimysium during aging caused the peroneus longus muscle to alter its mechanical function. Changes in structural-mechanical properties of the peroneus longus muscle might increase the risk for an abnormal foot shape and foot discomfort in elderly people.
Although the embalmed cadavers can be used for mechanical testing in both soft and hard tissues [32, 33] . A limitation of our study was the use of embalmed cadavers that would have the effect of sample preservation. In future, it would be interesting to confirm these findings using soft and fresh frozen cadavers.
CONCLUSIONS
In summary, this study suggested age-related changes in the peroneus longus muscle, particularly structural abnormalities in the collagen fibres and fatty infiltration in the musculotendinous junction. Consequently, the tensile, tensile stress, and modulus of elasticity were decreased. These changes might also predict a decrease in the strength and poorer functional outcomes of this muscle.
